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Glaucoma reportedly affects motion perception. As an initial step in characterizing laucoma- 
induced changes in the motion system, we determined the range of temporal frequencies that the 
motion system could process. A noise-masking paradigm was used to measure contrast energy 
thresholds of 26 glaucoma patients at various stages of the disease and 16 age-similar subjects with 
normal vision. Using a sinusoidal stimulus, thresholds were measured for the discrimination of 
motion direction and for the stimulus embedded within a pattern of dynamic spatial noise. The 
noise was filtered to contain only low spatial frequencies, and the temporal-frequency spectrum of 
the noise was manipulated across conditions to derive the temporal filter shape of the most efficient 
motion sensor. The results show that the range of temporal frequencies processed by the motion 
system is diminished in the glaucoma group. The filters of the glaucoma subjects have reduced 
bandwidths compared with the normal-vision group. In addition, the upper cut-off frequency of the 
filters of the glaucoma subjects is correlated with stage of disease as indexed by the mean deviation 
of the Humphrey Visual Field Analyzer program 24-2, as well as the cup-to-disk ratio. © 1997 
Elsevier Science Ltd. 
Glaucoma Motion Temporal frequency 
INTRODUCTION 
Glaucoma can affect motion perception (Bullimore t al., 
1993; Ruben et al., 1994; Silverman et al., 1990; Watkins 
& Buckingham, 1991). Basic measures, such as the 
minimum image displacement and the minimum number 
of coherently moving dots necessary for the correct 
identification ofmotion direction, fall outside the normal 
range for some glaucoma subjects (Bullimore et al., 
1993; Silverman et al., 1990; Watkins & Buckingham, 
1991). 
Visual motion is thought o be initially processed by 
directionally selective motion sensors that signal lumi- 
nance changes in space and time. On the front end of 
these hypothetical motion sensors are spatial and 
temporal filters that selectively pass information that 
falls within the frequency range of the filters (Anderson 
& Burr, 1985, 1987, 1989; Anderson et al., 1991; Wilson, 
1985). Masking studies have revealed the filtering 
characteristics of the normal visual motion system 
(Anderson & Burr, 1985, 1989). Anderson & Burr 
(1985) demonstrated the existence of two distinct classes 
of temporal filters. One filter is bandpass with a center 
frequency around 10 Hz and the other filter is lowpass 
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with a cut-off requency at 20 Hz. The spatial-frequency 
selectivity of the motion system also has been deter- 
mined. The lowest and highest spatial frequency to which 
motion detectors respond maximally is 0.025 and 15 
c/deg, respectively (Anderson & Burr, 1989). 
Past studies show that contrast sensitivity to static 
sinusoidal gratings is reduced over a range of spatial 
frequencies in glaucoma (Arden & Jacobson, 1978; 
Sample & Juang, 1991). Likewise, contrast sensitivity to 
flickering lights is reduced in glaucoma (Atkin et al., 
1979), particularly for the high temporal frequencies 
(Breton et al., 1991; Holopigian et al., 1990; Horn et al., 
1995; Lachenmayr & Drance, 1992; Ross, 1985; Tyler, 
1981 ). The magnitude ofloss, in both domains, appears to 
be associated with the stage of the disease (Abe et al., 
1987; Horn et al., 1995; Lachenmayr & Drance, 1992; 
Tyler, 1981). 
Given the sensitivity losses to spatial and temporal 
luminance variations een in glaucoma, it is conceivable 
that the spatial and temporal filters of the motion sensors 
are affected by glaucoma. As an initial step in 
characterizing glaucoma-induced changes in the motion 
system, we investigated the ability of the glaucomatous 
motion system to process the normal range of temporal 
frequencies. We hypothesize that the range of temporal 
frequencies that he motion system can process is reduced 
in glaucoma; i.e., the temporal filter of the motion sensor 
is affected. Moreover, we hypothesize that systematic 
changes in the temporal filter are associated with the 
stage of the disease. To test these hypotheses, we 
employed a noise-masking paradigm (Fletcher, 1940). 
The rationale behind the noise-masking paradigm is 
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FIGURE 1. An illustration of a hypothetical attenuation characteristic 
of a motion sensor's temporal filter. The shaded area under the filter 
characteristic represents the noise that passes through the filter and is 
effective in masking the signal. Varying the frequencies of the noise 
spectrum affects the amount of noise that is passed by the filter. 
Decreasing the lower cut-off requency of the noise spectrum (dashed 
line) increases the noise that is passed by the filter (hatched area) and, 
as a consequence, increases the threshold for signal detection. Adapted 
from Patterson (1976). 
illustrated in Fig. 1. The curve depicts a hypothetical 
attenuation characteristic of a motion sensor's temporal 
filter. The shaded area under the filter characteristic 
represents the noise that passes through the filter and is 
effective in masking the signal. As shown in Fig. 1, 
varying the frequencies of the noise spectrum affects the 
amount of noise that is passed by the filter. Decreasing 
the lower cut-off requency of the noise spectrum (dashed 
*A mathematical representation of the relationship between E and the 
filter's power gain, GZ(f), is given in Eq. (1). 
io E=Eo+k N(f)G2(f). (1) 
Eo is the threshold measured with the signal without anoise mask, k
is a proportionality constant, and N(f) is the power spectral density 
of the noise. G2(f) can be estimated from the derivative of the 
function relating E to the cut-off requency of the noise (Patterson, 
1974; Solomon & Pelli, 1994). 
line) increases the noise that is passed by the filter 
(hatched area) and, as a consequence, increases the 
threshold for signal detection. A signal is assumed to be 
detectable if the ratio of signal energy to noise energy at 
the output of the filter is sufficiently large. It is assumed 
that threshold contrast energy is proportional to the total 
filtered noise power passed by the filter.* 
METHODS 
Subjects 
Sixteen people with normal vision and 26 people with 
primary open-angle glaucoma (POAG) were tested. The 
glaucoma subjects were recruited from the Wilmer 
Glaucoma Service, and the normal-vision subjects were 
spouses or friends of the patients, employees or recruits 
from the normal-subjects pool. Each subject underwent a 
comprehensive ophthalmological exam which included 
an evaluation of the cup-to-disk (C/D) ratio, lens 
opacification using LOCS II criteria (Chylack et al., 
1989), and tonometry. Glaucoma subjects were classified 
on the basis of an optic disc compatible with glaucoma 
and a Humphrey Visual Field Analyzer 24-2 visual field 
test with either a Glaucoma Hemifield Test termed 
"outside normal limits" or a CPSD with P< 3%, 
reproducible twice. In addition, the nerve fiber layer 
had to be consistent with glaucoma. The ages of the 
normal-vision subjects ranged from 42 to 73 years, and 
the ages of the glaucoma subjects ranged from 41 to 78 
years. There was no significant age difference between 
the two groups (see Table 1 for a summary of the 
subjects' characteristics). Informed consent was obtained 
from each subject after the nature and possible con- 
sequences of the study had been described. The research 
followed the tenets of the Declaration of Helsinki and 
was approved by the institutional human experimentation 
committee. 
Stimuli 
The stimulus was a sinusoidal grating that was 
windowed by a Gaussian aperture with spatial and 
temporal scales of Sx, Sy, and st (Fig. 2). The aperture 
TABLE 1. Summary statistics of subject characteristics 
Normal Ss (n = 16) Glaucoma Ss (n = 26) 
Variable Minimum Maximum Mean (SD) Minimum Maximum Mean (SD) 
Age 41.8 73.1 59.2 (8.5) 41.0 77.8 65.0 (10.3) 
Log MAR * -0.26 0.12 -0.07 (0.10) -0.22 0.56 0.09 (0.16) 
Log CS* 1.5 2.0 1.74 (0.12) 1.05 1.95 1.53 (0.19) 
Cup/Disk* 0.2 0.7 0.39 (0.15) 0.4 1.0 0.79 (0.17) 
Foveal 29 38 34.1 (2.5) 
Central 3 deg 6 33 25.2 (6.9) 
MD -24.2 2.4 -7.97 (7.1) 
CPSD 0.3 12.7 6.7 (3.6) 
*Groups ignificantly different at the 0.001 level. 
Log MAR, the logarithm of the minimum angle of resolution; log CS, the logarithm of the peak contrast ensitivity measured with the Pelli- 
Robson chart. 
Results of the Humphrey Visual Field Analyzer, program 24-2: foveal, threshold measured atthe fovea; central 3deg, mean threshold within 
the central 3deg; MD, mean deviation; CPSD, corrected pattern standard deviation. 
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FIGURE 2. The signal was a 0.5-deg sinusoidal stimulus (2 c/deg, 
4.7 Hz, 0.27 sec motion duration) which was modulated by a gaussian 
envelope weighted intime and space. The signal drifted to the left or 
fight at a constant velocity. (Illustrated is one frame of the motion 
sequence.) 
FIGURE 3. The noise-masked signal was the same signal embedded 
within a 16 deg 2 pattern of spatially owpass filtered (2 c/deg cut-off) 
and temporally highpass filtered ynamic spatial noise. (Illustrated is 
one frame of the motion sequence.) 
remained fixed and the grating translated either to the 
right or left at a constant speed. The luminance at a point 
x, y at time t is given by 
L(x,y, t) = L0[1 + c(x)], 
c(x) = m x exp[-Tr[(x/sx) 2 + (y/Sy) 2 + (t/st)2]] 
cos[27r(fxX -f it)]  (2) 
where Lo is the mean luminance, c(x) is the contrast 
waveform, m is the peak Michelson contrast, andfx andft 
are the spatial and temporal frequencies of the sinusoidal 
grating. In our study, Lo was 38 cd/m 2, sx and Sy were 
0.5 deg, and st was 0.27 sec. The spatial and temporal 
frequencies were 2 c/deg and 4.7 Hz. The parameters of 
the stimulus were chosen to stimulate the most efficient 
motion sensor (Watson & Turano, 1995). 
For the noise-masked conditions, the signal was 
embedded within a pattern of spatially lowpass filtered 
(2c/deg cut-off) and temporally highpass filtered 
dynamic spatial noise (Fig. 3). The noise covered an 
area of 4×4 deg, centered on the signal and was 
modulated in time by a Gaussian envelope that had the 
same temporal scale as the signal. Noise contrast, Crms, 
defined as the standard deviation f the normalized 
luminance, was 0.0512. Noise spectral density was 
computed by multiplying C2~ms by the product of the 
sample sizes in the horizontal, vertical, and temporal 
dimensions (0.05122 x 0.5 deg × 0.5 deg × 0.0167 sec = 
1.0945 x 10-5deg2sec, for a 0-Hz lower cutoff fre- 
quency). The lower cut-off frequency of the noise 
spectrum was manipulated across experimental condi- 
tions and ranged from 3.75 to 26.25 Hz. 
Apparatus 
Stimuli were generated on a Macintosh PowerPC 
8100AV using a mathematical software package, Math- 
ematica (Wolfram, 1988), and transferred, for display 
purposes, to an IBM-compatible computer equipped with 
a high-resolution (1280 x 1024 pixels) graphics display 
board, IMAGRAPH (IMAgraph Corp., Woburn, MA). 
Accurate levels of low contrast were achieved by using a 
video attenuator that combined the output of the board's 
8-bit digital to analog converters (Pelli & Zhang, 1991). 
The display monitor was an Ikegami 1210P (19 inch 
diagonal, P104 phosphor; Ikegami Electronics, Inc., 
Maywood, NJ), a high-resolution CRT monitor with a 
refresh rate of 60 Hz without interlace. The video 
attenuator and monitor were calibrated to linearize a 
range of voltage-luminance values. 
Procedure 
In the first phase of the study, we measured contrast 
energy thresholds for direction discrimination of the 
unmasked signal. In the second phase, we added ynamic 
spatial noise to the moving signal and measured 
direction-discrimination thresholds of the noise-masked 
signal. 
We obtained contrast energy thresholds as a function 
of the temporal cut-off frequency of the noise spectrum. 
If the frequencies of the noise spectrum are outside 
the filter's bandwidth, then the contrast energy required 
for direction discrimination of the noise-masked 
signal should equal the contrast energy required for 
direction discrimination of the unmasked signal. If the 
frequencies of the noise spectrum are within the filter's 
bandwidth then the contrast energy required for direction 
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discrimination of the noise-masked signal should be 
greater than that required for the unmasked signal. 
The method of constant stimuli was used to obtain the 
contrast hresholds. A signal moving to the right or left 
(randomly determined) was presented on each trial. The 
contrast of the signal was at one of five pre-selected 
levels taken from the list of contrasts: 1, 2.5, 5.7, 11.8, 
17.8, 23.9 and 30%. Each contrast was presented 20 times 
in a random order for a total of 100 trials per threshold. 
Each trial began with the presentation of four 
stationary crosses, located at the corners of an invisible, 
centrally positioned 4× 4 deg square. The crosses erved 
to guide fixation toward the center and remained on the 
screen throughout the experiment. A tone signalled the 
presentation of the stimulus. After each trial, the subject 
indicated the direction of the signal's motion either by a 
verbal response or by pressing the right or left mouse 
button, guessing if he or she did not know. Between trials 
the screen was spatially uniform except for the four 
fixation guides, and the background luminance of the 
screen was the same average luminance as the patterns 
during the trials. There was approximately 3 sec between 
the trials. No feedback was given. Viewing was 
monocular with the eye of better visual acuity. If there 
was no acuity difference between the two eyes, the 
preferred eye was used. Overhead lights were turned off, 
and the only light in the room came from the display and 
a small desk lamp. Pupil diameter was measured under 
the same viewing conditions. Each condition took 
approximately 8 min, and a test session was approxi- 
mately 1 hr. 
Analyses 
Contrast thresholds were 
Weibull function [Eq. (3)] 
proportion-correct responses 
Weibull parameters ~ and 
(contrast where performance 
the slope of the psychometric 
f (x )  = 1-0 .5  x 
determined by fitting a 
to the distribution of 
for signal contrast. The 
fl specify the threshold 
was at 82% correct) and 
function, respectively. 
exp[- (x/c~) ;~ ] (3) 
Contrast hresholds were converted to contrast energy 
threshold by: 
E - -  2 -5 /2m2(SxSySt )  (4) 
where m is the peak contrast and Sx, Sy, and st are the 
spatial and temporal scales of the Gaussian aperture 
(Watson & Turano, 1995). In our study, contrast energy 
thresholds were 0.011788xm2. E* was computed for 
each noise condition by: 
E* : EMask -- E0 (5) 
where EMa~k and Eo are the contrast energy thresholds for 
direction discrimination of the noise-masked and the 
unmasked signals, respectively. To determine the filter's 
power gain, E* was differentiated with respect to the cut- 
off frequency of the noise spectrum. Because we used 
discrete cut-off requency values @, f,+l ,...), we used the 
discrete approximation for differentiation descn'bed by 
Solomon & Pelli (1994). 
Visual function measures 
Visual acuity was measured monocularly using a 
Lighthouse ETDRS acuity chart (Ferris et al., 1982) 
trans-illuminated at 95 cd/m z. Viewing distance was 
either 3 or 4 m. The number of letters correctly read was 
converted to log MAR (the log of the minimum angle of 
resolution) by subtracting (0.02 x number of letters) from 
a constant (1.22 for a 3-m viewing distance and 1.1 for 
4 m). Peak contrast sensitivity was measured monocu- 
larly using the Pelli-Robson chart (Pelli et al., 1988) with 
overhead illumination (approximately 85 cd/m 2) at a 
viewing distance of 1 m. Log peak contrast sensitivity 
(log CS) was scored as the product of 0.05 and (number 
of letters-3). For the glaucoma subjects, the visual field 
parameters offoveal threshold, mean threshold within the 
central 3 deg, mean deviation (MD), and the corrected 
pattern standard eviation (CPSD) were extracted from 
the 24-2 threshold visual field test of the Humphrey 
Visual Field Analyzer. The MD indicates the magnitude 
of global visual field loss, whereas the CPSD indicates 
the magnitude of localized visual field loss. MD and the 
cup-to-disk ratio will be used as indicators of the stage of 
disease. 
RESULTS 
Visual function~anatomical measures 
The three visual function/anatomical measures that 
were common to both subject groups were poorer in the 
glaucoma group. The mean of the log MAR values was 
significantly higher in the glaucoma group, 0.09, than in 
the normal-vision group, -0.07, t(41) = -3.52, P < 0.001. 
TABLE 2. Correlation coefficients for glaucoma subjects' visualfunction measures 
Variable Log MAR Log CS Cup/Disk Foveal Central 3 deg MD 
Log MAR 
Log CS -0.63-~ 
Cup/Disk 0.09 -0.29 
Foveal -0.49* 0.63* 
Central 3 deg -0.21 0.63* 
MD -0.13 0.52* 
CPSD 0.08 -0.18 
-0.28 
-0.43* 0.44 
-0.60t 0.49 0.81 t
0.59* -0.34 -0.53 -0.747 
*P < 0.01. 
fP < 0.001. 
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FIGURE 4. Distributions of log contrast energy threshold for the 
unmasked signal, Eo. Striped bars: normal-vision subjects; solid bars: 
glaucoma subjects. Note the glaucoma subjects, on average, required 
significantly more contrast energy to identify the unmasked signal's 
direction of motion compared with the normal-vision subjects. 
The mean of the log CS values was significantly ower in 
the glaucoma group, 1.53, than in the normal-vision 
group, 1.74, t(38)= 3.93, P < 0.001. (Log CS was not 
measured on three of the glaucoma subjects.) The mean 
of the C/D ratios was significantly higher in the glaucoma 
group, 0.79, than in the normal-vision group, 0.39, 
t(41) = -7.75, P < 0.001. 
Several of the visual function/anatomical measures in
the glaucoma subjects were correlated. Table 2 catalogs 
the correlation coefficients for the various factors. 
Signal contrast energy thresholds, Eo 
All 26 glaucoma subjects could detect he presence of 
the unmasked signal, yet six glaucoma subjects could not 
correctly discriminate motion direction of the unmasked 
signal, even when its contrast was as high as 30% 
(1.06 × 10-3 contrast energy). (Following the test session, 
we explored even higher contrasts with this group of 
subjects and failed to find a contrast that would enable 
them to achieve consistent discrimination performance.) 
These six subjects were excluded from participation i  
the noise-masked conditions. 
Contrast energy thresholds were not normally dis- 
tributed (Shapiro-Wilk W test for normality, W(36)= 
0.516, P < 0.001), therefore in order to perform para- 
metric statistical nalyses on the data, we transformed the 
values to their log equivalents. The following analyses 
were run on the transformed values for the 16 normal- 
vision subjects and the remaining 20 glaucoma subjects. 
The mean log Eo of the normal-vision subjects was 
-4.76 (SD = 0.31). Some normal-vision subjects could 
discriminate he unmasked signal' sdirection when its log 
contrast energy was as low as -5.24 (contrast =0.022). 
These values are similar to those obtained by Watson and 
Turano (1995) using a test stimulus with parameters 
comparable to ours. For a 0.9 deg gabor patch (3c/deg, 
5 Hz, 0.133 sec duration), the mean of three subjects' log 
contrast energy thresholds was -5.04. 
The glaucoma subjects, on average, required signifi- 
cantly more contrast energy to identify the unmasked 
signal's direction of motion compared with the normal- 
vision subjects. The mean log Eo of the 20 glaucoma 
subjects for whom thresholds were computable was 
-4.05 (SD = 0.55). Log Eo ranged from -5.12 to -3.02 
(contrast equivalents of 0.025-0.28). An analysis of 
covariance, ANCOVA, with age as the covariate, showed 
that the mean log Eo for the glaucoma group was 
significantly higher than the mean log Eo for the normal- 
vision group, F(2,33) = 11.17, P < 0.001. Figure 4 shows 
the log Eo distributions for the normal-vision (striped 
bars) and glaucoma groups (solid bars). As shown, the log 
Eo values for the glaucoma subjects are displaced towards 
the higher end. 
Regression analyses were performed to determine how 
well log E0 for the glaucoma subjects was predicted from 
the subjects' characteristics: log MAR, log CS, C/D ratio, 
foveal threshold, central 3-deg threshold, MD, and 
CPSD. The regression of log Eo on log MAR was 
significant, Re = 0.24, P < 0.03, but it was not significant 
when regressed on log CS, R2= 0.06, or when it was 
regressed on the C/D ratio, R e = 0.004. The regression of 
log Eo on the visual field measures was significant for the 
central 3 deg threshold, Re = 0.32, P < 0.01, and CPSD, 
R e = 0.20, P < 0.02. The regressions on foveal threshold, 
R e =0.10, and MD, R2= 0.10, were not significant. 
Figure 5 shows log Eo of the glaucoma subjects plotted 
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FIGURE 6. Log Emask is plotted against log Eo for normal-vision 
subjects (open symbols) and glaucoma subjects (closed symbols). 
Separate graphs represent data obtained at different cut-off requencies 
of the noise spectrum. The solid diagonal ines denote equivalent 
thresholds for the noise-masked and unmasked signals. Data falling 
above the diagonal indicate higher thresholds for the noise-masked 
signal compared with the unmasked signal. 
rated the factors, log MAR, central 3 deg threshold, and 
CPSD, into a hierarchical multiple regression model. The 
results how that the central 3 deg threshold accounts for 
32% of the variance in log Eo, where 
log E0 = -2.76 - 0.0466 x central 3 deg threshold. 
The inclusion of log MAR or CPSD does not increase 
the predictive power above the level obtained with the 
central 3 deg threshold factor alone. 
Noise-masked signal contrast energy thresholds, Emask 
In Fig. 6, log Emask is plotted against log Eo for the two 
subject groups. Separate graphs represent data obtained at 
different noise cut-off frequencies. The solid diagonal 
lines denote quivalent thresholds for the noise-masked 
and unmasked signals. Data falling above the line 
indicate higher thresholds for the noise-masked signal. 
Note that all the normal-vision data, with one exception, 
fall above the line in all the graphs. The majority of the 
glaucoma subjects exhibit similar behavior. The means of 
the log Emask are not significantly different between the 
two subject groups, as revealed by an ANOVA (with 
subject group as a between-subject factor and noise cut- 
off frequency as a within-subject factor), F(1,14) --- 1.25, 
ns. Mean log Emask was significantly different across 
noise cutoff frequency, F(4,11) = 7.31 P < 0.005, for 
both subject groups. The interaction between subject 
group and noise cut-off frequency was not significant, 
F(4,11)=0.71, ns. The higher log Eo values for the 
glaucoma group can be seen in the graphs of Fig. 6. 
Filter power gains, G2(f) 
Of the 20 glaucoma subjects for whom unmasked- 
signal thresholds were computable, only half performed 
above chance for all of the noise-masked conditions. 
Since a discontinuity in the Emask VS noise cut-off- 
frequency function prohibits differentiation, we were 
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against log MAR [Fig. 5(a)], central 3 deg threshold [Fig. 
5(b)], and CPSD [Fig. 5(c)]. Note that the six subjects 
who were unable to correctly discriminate motion 
direction (denoted by arrows) all have poor visual 
function. 
To determine which of the visual-function measures 
affect log Eo significantly and appreciably, we incorpo- 
FIGURE 7. Power gain, G 2, was computed as the difference in the 
noise-masked and the unmasked signals contrast energy thresholds 
differentiated with respect to the cut-off frequency of the noise 
spectrum. Closed symbols: normal-vision subjects; open symbols: 
glaucoma subjects for whom we were able to compute filters. Thick 
lines connect data points of the normal-vision subjects, and thin lines 
connect data points of the glaucoma subjects. Solid thin lines denote 
filters with bandwidths (full-width, half-amplitude) falling below the 
25th percentile of the normal-vision subjects. 
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unable to derive the temporal filter for 10 of the 20 
glaucoma subjects. For the remaining 10 glaucoma 
subjects and the 16 normal-vision subjects, G 2 was 
determined using Eq. (6). Filter power gains of three 
representative normal-vision subjects and the 10 glauco- 
ma subjects are shown in Fig. 7. 
For the normal-vision subjects, bandwidth (full-width, 
half-amplitude) ranged from 3.6 to 7.2 Hz, with a median 
of 4.35 Hz. These estimates are less than half the 
estimates derived by Anderson & Burr (1985). The two 
most likely candidates for the discrepant estimates in 
bandwidth are the differences in mean luminance of the 
stimuli* and the age range of the subjects (Mayer et al., 
1988). The normal-vision subjects in our study were 
older (mean age of 59 years, range: 42-73 yr) than the 
two subjects in the Anderson and Burr study (ages 30 and 
33 yr). 
*Anderson and Burr used a mean luminance of 490 cd/m 2 which, 
assuming a2 mm pupil diameter, produced aretinal illuminance of 
1539 Td. In our study the average pupil diameter was 3 mm for the 
normal-vision subjects, producing a retinal illuminance of 269 Td. 
Kelly (1972) showed that amplitude thresholds increase as the 
square root of the average retinal illuminance (DeVries-Rose law) 
at temporal frequencies higher than 10 Hz. At lower temporal 
frequencies, thresholds vary in proportion to the average retinal 
illuminance, following Weber's law. Applying these findings to our 
studies, we would expect contrast sensitivity measured with a 
retinal illuminance of 269 Td to be less than half what it would be 
with a retinal illuminance of 1539 Td, for the high temporal 
frequencies. The drop in sensitivity at the high temporal 
frequencies without a compensating increase in sensitivity at the 
low temporal frequencies would result in a reduction of bandwidth. 
For the glaucoma group, bandwidth ranged from 3.6 to 
4.6 Hz, with a median of 3.66 Hz. The normal-vision 
subjects, on average, had wider bandwidths than the 
glaucoma subjects, Wilcoxon test, z = -2.04, P < 0.04. 
The upper cut-off requency of the filter was defined as 
the point on the descending limb of the filter at which G 2 
fell to 0. For the normal-vision subjects the upper cut-off 
frequency ranged from 13.3 to 22.8 Hz, with a median of 
17.0 Hz. For the glaucoma group, the range was 13.3- 
17.0 Hz, with a median of 13.3 Hz. The normal-vision 
subjects, on average, had higher upper cut-off frequen- 
cies than the glaucoma subjects, Wilcoxon test, 
z = -2.27, P < 0.025. 
The lower cut-off requency of the filter was defined as 
the point on the ascending limb of the filter at which G 2 
fell to 0. For the normal-vision subjects, the range of the 
lower cut-off requencies was 2.2-9.6 Hz, with a median 
of 5.9 Hz. For the glaucoma group, the range was 2.2- 
5.9 Hz, with a median of 5.9 Hz. There was no statistical 
difference in the lower cut-off frequencies between the 
normal-vision subjects and the glaucoma subjects, 
Wilcoxon test, z = 0.50, ns. 
Nonparametric measures of correlation (Spearman 
Rho) were computed on the glaucoma data to determine 
the degree of association between the filter parameters 
and the subjects' characteristics: log MAR, log CS, C/D 
ratio, foveal threshold, central 3-deg threshold, MD, and 
CPSD. The factors that were significantly correlated with 
filter bandwidth were C/D ratio (p = -0.70, P < 0.025) 
and MD (p = 0.70, p < 0.025), and the factors that were 
significantly correlated with the upper cut-off frequency 
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TABLE 3. Correlations (Spearman Rho) of filter parameters and 
subject characteristics. Glaucoma subjects (n = 10) 
Variable Bandwidth Upper cut-off req 
P P 
Age 0.10 -0.14 
Log MAR 0.30 0.21 
Log CS -0.05 -0.18 
Cup/Disk -0.70* -0.82I" 
Foveal 0.13 0.53 
Central 3 deg 0.30 0.43 
MD 0.70* 0.71" 
CPSD -0.59 -0.71" 
*Significant at the 0.025 level. 
%Significant at the 0.01 level. 
significantly lower CPSD values than subjects in 
Category 4. Figure 9 plots the C/D ratio, MD, and CPSD 
against performance ategory. 
Retinal illuminance (troland = luminance of 1 cd/m 2 
x pupil area in ram) has been shown to affect emporal 
contrast sensitivity (De Lange, 1952; Kelly, 1972). In our 
study, 18 of the 26 (69%) glaucoma subjects were taking 
medications tocontrol ocular pressure. Of those on ocular 
medications, approximately half (eight subjects or 31% 
of the glaucoma group) were taking pilocarpine, a medi- 
cation that can produce pupil constriction. Even though 
we did not see a pupil-size difference between those who 
did (median of 3 mm, range of 2-5 mm) and those who 
did not (median of 3 mm, range of 2-6 ram) take 
were C/D ratio (p = -0.82, P < 0.005), MD (p = 0.71, 
P < 0.025), and CPSD (p = -0.71, P < 0.025). Table 3 
catalogs the results of the correlation analyses, and Fig. 8 
depicts the significant relationships. 
The significant relationships between the filter para- 
meters and MD and the C/D ratio demonstrate hat 
changes in the temporal motion filter are associated with 
stage of glaucoma. Advances in the stage of the disease 
are accompanied by a reduction in the upper range of 
temporal frequencies that can be processed by the motion 
system. 
Performance categories 
In order to investigate the relationship between visual 
function and performance of all the glaucoma subjects, 
we categorized all 26 glaucoma subjects into four groups. 
Category 1consisted of subjects whose filter bandwidths 
were within the interquartile range of the normal-vision 
subjects. Category 2 consisted of subjects unable to 
discriminate the direction of at least one of the noise- 
masked signals. Category 3 consisted of subjects with 
filter bandwidths lower than the interquartile range of the 
normal-vision subjects. Category 4 consisted of subjects 
unable to discriminate the direction of the unmasked 
signal. 
To determine whether stage of disease, as indexed by 
MD, was significantly different among the four cate- 
gories, we performed an ANOVA on the data. The results 
revealed significant differences between the MD means 
of the four categories, F= 6.61, P < 0.005. Post hoc 
analyses (Tukey-Kramer HSD) revealed that subjects in 
Category 1 (normal filter parameters) had significantly 
higher MD values than subjects in Category 4 (unable to 
discriminate direction of unmasked signal). Subjects in 
Category 2 (unable to discriminate direction of at least 
one masked signal) also had significantly higher MD 
values than subjects in Category 4. There was a 
significant difference between the mean C/D ratio of 
the four categories, F=4.51, P<0.01. Subjects in 
Category 1 had significantly lower C/D ratios than 
subjects in Category 3 (reduced filter bandwidth) and 
Category 4. The CPSD means of the four categories were 
significantly different, F = 3.29, P < 0.05, and post hoc 
analyses revealed that subjects in Category 1 had 
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pilocarpine,* we performed a Contingency Table Ana- 
lysis to determine whether the distribution of performance 
category was the same for those who were on pilocarpine 
and those who were not. The results of the Chi-square 
statistics test showed that there was no difference in the 
distributions for the two groups, g 2 (3,19)= 1.15, ns. 
DISCUSSION 
As an initial step in characterizing glaucoma-induced 
changes in the motion system, we investigated the ability 
of the glaucomatous motion system to process the normal 
range of temporal frequencies. We hypothesized that the 
range of temporal frequencies that the motion system can 
process is reduced in glaucoma and that systematic 
changes in the temporal filter are associated with the 
stage of the disease. The results howed that the range of 
temporal frequencies processed by the motion system is 
diminished in the glaucoma group and that the bandwidth 
and upper cut-off frequency of the filters are correlated 
with stage of disease. 
The inability to process high temporal frequencies in
glaucoma nd its relationship to stage of disease are 
reminiscent of previous temporal-frequency findings in 
glaucoma. Tyler (1981) measured contrast sensitivity for 
a light that flickered at various temporal frequencies in
glaucoma nd normal-vision subjects. Glaucoma subjects 
showed sensitivity losses at frequencies around 30- 
40 Hz, and the flicker sensitivity loss increased with 
increasing visual field loss. Similarly, Holopigian et al. 
(1990) demonstrated elevated contrast thresholds in 
glaucoma for high temporal frequencies (30-50 Hz). 
Breton et al. (1991) found a nonfrequency specific loss of 
sensitivity (5-30 Hz) in addition to a frequency-specific 
loss at 15 Hz for subjects with glaucoma. The consensus 
from these studies is that glaucoma subjects, particularly 
in the middle-to-late stages of the disease, suffer a loss in 
sensitivity for high temporal frequencies. Although these 
studies investigated flicker sensitivity and not motion, per 
se, it is likely that the two systems hare front-end 
filtering properties. In our study, middle-to-late stage 
glaucoma subjects showed a reduced upper cut-off 
frequency in the motion sensor's temporal filter, 
paralleling the previous flicker-sensitivity findings. 
The fact that the location of the peak of the temporal 
filter did not shift in our glaucoma subjects uggests that 
the glaucomatous effects may be due to a sensitivity loss 
rather than a specific change in dynamic visual proces- 
sing. A likely explanation for the sensitivity loss in 
glaucoma is the decrease in the number of ganglion cells. 
Relationship to magno-vs parvocellular pathways 
Early reports purport hat the pathway from the retina 
*Pupil size was estimated by comparing the subject's pupil diameter to 
the millimeter markings on a ruler held up to the subject's eye. The 
imprecision inherent in this method of measurement, as well as the 
inter-subject variability in the time period between the application 
of medication and measurement of pupil size, may have contributed 
to our failure to obtain a pupil-size difference due to pilocarpine. 
to the cortex via the magnocellular layers of the lateral 
geniculate nucleus (LGN), i.e., the M pathway, mediate 
motion and high-frequency flicker perception (Living- 
stone & Hubel, 1988). These beliefs are based primarily 
on the physiological evidence that the M pathway cells 
respond to high temporal and low spatial frequency 
information, whereas the cells of the pathway relaying 
through the parvocellular layers (i.e., P pathway) respond 
to low temporal and high spatial frequency information. 
Additional M-cell characteristics are larger diameter 
fibers, larger receptive fields, and higher conduction 
velocities than the P cells. 
Results of histopathologic studies uggest a selective 
loss of large-diameter optic nerve fibers in moderate and 
advanced cases of glaucoma, inaddition to an overall oss 
of all fiber sizes (Glovinsky et al., 1993, 1991; Quigley et 
al., 1988, 1987). The revelation of a selective large fiber 
loss in glaucoma, together with the knowledge of the 
anatomical properties and putative function of the M 
pathway, provided the impetus for some researchers to
look to motion perception tests in an attempt to develop 
an early diagnostic tool for glaucoma (Bullimore et al., 
1993; Silverman et al., 1990). Unfortunately for their 
usefulness in screening, motion tests have not been 
effective in identifying early glaucomatous damage. 
Although motion perception tests, to date, have not 
proven effective as an early diagnostic tool, they have 
revealed that glaucoma can affect the perception of 
motion (Bullimore et al., 1993; Ruben et al., 1994; 
Silverman et al., 1990; Watkins & Buckingham, 1991). 
But, that is not to say that he anomalous perception is the 
consequence of an M-pathway loss. Selective lesion 
studies have shown that motion perception is not 
mediated solely by the M pathway. Even in the absence 
of an M pathway, motion perception is possible, as well 
as flicker resolution for high contrast stimuli (Merigan et 
al., 1991). However, M pathway lesions do reduce 
contrast sensitivity for stimuli of high and low spatial 
frequency (Merigan et al., 1991). Thus, while the M 
pathway is not selective for motion, it achieves much 
higher sensitivity to moderate and rapidly moving stimuli 
than the P pathway. 
The bandpass tuning functions of Anderson and Burr's 
study, as well as the derived motion temporal filters for 
our normal-vision subjects resemble the temporal tuning 
functions obtained with the M pathway alone, i.e., with 
the P pathway lesioned (Merigan et al., 1991). If the 
large-diameter optic nerve fibers that are selectively lost 
in glaucoma re the constituents of the M pathway, a
reduction in the upper temporal frequency cut-off of the 
motion filter in middle-to-late stages of glaucoma 
correlates nicely with this histologic result. But, as 
Johnson (1994) has pointed out, demonstrating a deficit 
in one of the pathways without having demonstrated the 
integrity of the other pathway does not allow one to talk 
about a selective loss. Because we did not derive the 
lowpass temporal filter of the glaucoma patients, we do 
not know whether (or to what extent) its tuning function 
is altered by glaucoma. (To do so, we would need to 
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conduct the masking experiment with a low temporal 
frequency signal.) 
The paradigm of the present study is useful for 
assessing the integrity of  the front-end motion filters of 
glaucoma patients, that is, in determining the motion 
system's abil ity to transmit certain spatial and temporal  
frequencies. With a more complete spatial and temporal  
parameter set, one could fully characterize the motion 
filters. 
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